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Cactus-independent regulation of Dorsal nuclear import by the
ventral signal
Eric A. Drier*†, Shubha Govind‡ and Ruth Steward*
Rel-family transcription factors function in a variety of
biological processes, including development and
immunity [1]. During early Drosophila development, the
Toll-Cactus-Dorsal pathway regulates the
establishment of the embryonic dorsoventral axis [2,3].
The last step in this pathway is the graded nuclear
import of the Rel protein Dorsal. Dorsal is retained in
the cytoplasm by the IκB-family protein Cactus.
Phosphorylation of both Dorsal and Cactus is regulated
by a Toll-receptor-dependent ventral signal relayed by
the Tube and Pelle proteins. Phosphorylation of Cactus
leads to its degradation and to the release of Dorsal to
form a ventral-to-dorsal nuclear Dorsal gradient. To
understand how the ventral signal regulates the
nuclear import and activity of Dorsal, we deleted its
conserved nuclear localization signal (NLS). The
truncated protein remained in the cytoplasm and could
antagonize the function of wild-type Dorsal,
suggesting that Dorsal forms a dimer in the cytoplasm.
Further, the nuclear import of a mutant Dorsal protein
that failed to interact with Cactus was still regulated by
the ventral signal. Our results are consistent with a
model in which ventral signal-dependent modification
of both Cactus and Dorsal is required for the graded
nuclear import of Dorsal.
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Results and discussion
Using a dorsal minigene that directs expression indistin-
guishable from that of the endogenous wild-type gene, we
established transgenic lines of a dorsal mutant in which the
NLS is deleted (∆NLS-Dorsal; see Supplementary mater-
ial). To measure the function of ∆NLS-Dorsal, we crossed
the ∆NLS-dorsal transgene into a dorsal-null background.
Although we detected ∆NLS-Dorsal only in the cytoplasm
(Figure 1e and Figure 2c), we found that the embryos were
strongly, but not completely, dorsalized (D1 using the stan-
dard phenotypic classification [4]; Figure 1f). Control
Figure 1
Phenotypic and protein distribution analyses of Dorsal localization
mutants. (a,c,e) Anti-Dorsal staining of blastoderm stage embryos and
(b,d,f) cuticle preparations of fully differentiated embryos from a
dorsal-null mother bearing (a,b) no minigene; (c,d) two copies of a
wild-type dorsal minigene; (e,f) one copy of the ∆NLS-dorsal
transgene. Embryos are (b) completely dorsalized (D0), (d) normal and
(f) strongly but not completely dorsalized (D1). (g–k) Cuticle
preparations of embryos from mothers bearing (g) one copy of the
∆NLS-dorsal transgene in a dorsal heterozygous background (weakly
dorsalized, D3); (h) one copy of the S234P-dorsal transgene in a
wild-type background (weakly ventralized, V3); (i) one copy of the
S234P-dorsal transgene in a dorsal-null background (lateralized, L1);
(j) one copy of the S234P-dorsal transgene in a gd-null, dorsal-null
background (lateralized, L1); (k) one copy of the S234P-dorsal
transgene in a gd-null, wild-type dorsal background (dorsalized, D0).
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embryos from dorsal-null females had no Dorsal protein
(Figure 1a and Figure 2a) and were completely dorsalized
(Figure 1b). A wild-type dorsal minigene gave rise to a
normal Dorsal nuclear gradient (Figure 1c and Figure 2b)
and a wild-type cuticle pattern (Figure 1d). The embryos
from the ∆NLS-dorsal females had filzkörper, a larval struc-
ture that originates from the dorsolateral region of the early
embryo. This implies that, even though ∆NLS-Dorsal
could be detected only in the cytoplasm, its nuclear import
and its function in regulating the expression of down-
stream genes were not completely abolished. When the
∆NLS-dorsal transgene was crossed into females bearing
only one copy of endogenous wild-type dorsal, these
females were completely sterile and produced weakly dor-
salized embryos (Figure 1g). A single copy of the ∆NLS-
dorsal transgene also substantially reduced the hatch rate of
embryos from females bearing two copies of wild-type
dorsal (only 40–50% of embryos hatched compared with
90–95% in the absence of the ∆NLS-dorsal transgene).
Hence, ∆NLS-dorsal acts as an antimorphic dorsal allele.
Both Dorsal and Cactus are multiply phosphorylated. The
dissociation of the cytoplasmic Dorsal–Cactus complex is
controlled by specific signal-dependent serine phosphory-
lation events within the amino-terminal region of Cactus,
which target it for rapid degradation [5]. Dorsal is phos-
phorylated when it is first synthesized during oogenesis
and several phosphorylated forms are present before
Dorsal undergoes nuclear import [6,7]. We have previ-
ously shown that phosphorylation of Dorsal is important
for its stability and nuclear import. Mutation of the highly
conserved PKA site (S312A in the single-letter amino acid
code) in the Rel homology region produces only weak loss
of function; this mutant protein is destabilized in a cactus
mutant background, however. Mutation of a different,
completely conserved serine (S317A) eliminates the high
level of nuclear import found in ventral cells [8]. To
produce a mutant Dorsal protein that fails to interact with
Cactus, we took advantage of the identification by
Lehming et al. [9] of two mutant Dorsal proteins that
cannot interact with Cactus but that can still activate tran-
scription in yeast. One of these mutations is S234P. We
constructed a S234P-dorsal minigene and established
transgenic lines in embryos that were null for endogenous
Dorsal. Figure 3 shows that, although the S234P-Dorsal
protein is present, Cactus protein cannot be detected in
these embryos, results identical to the situation observed
in the dorsal-null control. Cactus protein is stabilized by
its interaction with Dorsal, and is degraded in a dorsal-null
background by mechanisms independent of the ventral
signal [10,11]. Therefore, our results indicate that the
S234P mutation greatly reduces, if not completely elimi-
nates, the Dorsal–Cactus interaction.
24 Current Biology Vol 10 No 1
Figure 2
S234P-Dorsal forms an extended gradient of nuclear import in the
presence of the ventral signal, but imports at a low, uniform level in
the absence of signal. (a–e) Cross-sections of blastoderm stage
embryos taken at roughly the anterior—posterior midpoint of the
embryo and stained with anti-Dorsal antibodies. Embryos from
dorsal-null mothers bearing (a) no minigene (see Figure 1a for whole
mount); (b) one copy of the wild-type dorsal minigene in the dorsal
null background; (c) one copy of the ∆NLS-dorsal mutant minigene
(see Figure 1e for whole mount); (d) one copy of the S234P-dorsal
transgene in a dorsal-null background (see Figure 1i for the resulting
cuticle phenotype); (e) one copy of the S234P-dorsal transgene in a
gd-null, dorsal-null background (see Figure 1j for the resulting cuticle
phenotype). (f,g) Gastrulating embryos of the genotypes represented
in (d,e), respectively.
Figure 3
S234P-Dorsal does not interact with Cactus. Western blots probed
with (top) anti-Cactus and (bottom) anti-Dorsal antibodies. The top and
bottom panels were parallel loadings from the same extract, made from
approximately 30, 0–3 h embryos.
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When we stained the transgenic embryos with anti-Dorsal
antibodies, we found that the S234P-Dorsal mutant
formed a nuclear gradient that was extended dorsally
(Figure 2d), similar to the distribution of wild-type Dorsal
in a cactus-null background. To test whether S234P-Dorsal
nuclear translocation is dependent on the ventral signal,
we crossed the S234P-dorsal transgene into a mutant back-
ground that eliminates both the ventral signal and endoge-
nous Dorsal. In gastrulation defective (gd)-null backgrounds,
transduction of the ventral signal is completely disrupted;
wild-type Dorsal remains cytoplasmic and the resulting
embryos are completely dorsalized. In gd-null, dorsal-null
double mutants, S234P-Dorsal translocates to all nuclei at
a uniform, low level characteristic of  lateral regions
(Figure 2e). This distribution is similar to that of wild-
type Dorsal in embryos lacking the function of Cactus and
the ventral signal [4]. Our results show that the wild-type-
level nuclear import of S234P-Dorsal on the ventral side of
the embryo is clearly dependent on the ventral signal. If
the nuclear import of Dorsal is dependent only on Cactus
degradation, as the prevailing model predicts, we would
expect S234P-Dorsal to be targeted to the nucleus at high
levels along all of the dorsoventral axis, even in the
absence of the ventral signal.
The phenotype produced by the S234P-dorsal transgene
does not correspond to that expected from its protein dis-
tribution. On the basis of the distribution of S234P-Dorsal
in a cactus mutant background (similar to that of wild-type
Dorsal in the same mutant background), we would expect
that expression in wild-type embryos of S234P-Dorsal
would result in strong ventralization. In a wild-type back-
ground, however, S234P-Dorsal embryos were only mod-
erately ventralized (V3; Figure 1h). Moreover, when
crossed into a dorsal-null background, S234P-dorsal pro-
duced lateralized embryos instead of ventralized embryos
(Figure 1i). Hence, despite the drastic difference in distri-
bution of S234P-Dorsal, the embryonic phenotype is
similar with (Figure 1i) or without (Figure 1j) the ventral
signal. The lateralized phenotype in both cases can
already be seen at gastrulation (compare gastrulation phe-
notypes in Figure 2f,g) and is identical to the lateralized
gastrulation phenotype produced by signal-null, cactus
double mutants [4]. In both cases, Dorsal activity remains
below the threshold level required for the differentiation
of ventral structures. The discrepancy between the distri-
bution of S234P-Dorsal and the phenotypes observed
suggest that, in addition to the defect in Cactus binding,
the function of S234P-Dorsal as a transcription factor is
also compromised.
When the ventral signal is completely disrupted, wild-
type Dorsal remains in the cytoplasm. We tested whether
this cytoplasmic Dorsal could inhibit the nuclear localiza-
tion of S234P-Dorsal by crossing the S234P-dorsal trans-
gene into a background that was wild-type for dorsal, but
mutant for ventral signaling (gd8 / gd8; see Supplementary
material). Embryos from these females were completely
dorsalized and indistinguishable from those produced by
control females without the transgene (Figure 1b,k),
showing that the cytoplasmically localized wild-type
Dorsal can completely inhibit the low level of nuclear
localization of the S234P protein. This inhibition is likely
to occur through the formation of cytoplasmic Dorsal het-
erodimers that interact with Cactus through the wild-type
Dorsal subunit. It is surprising that, in a wild-type signal-
ing background, wild-type Dorsal is unable to maintain
S234P-Dorsal in the cytoplasm on the dorsal side of the
embryo, where presumably neither Dorsal nor Cactus is
targeted by the ventral signal. Wild-type Dorsal is able to
maintain S234P-Dorsal in the cytoplasm in the absence of
the signal, however. This difference points to an addi-
tional control, possibly a feedback loop that functions only
when the ventral signal is active.
As S234P-Dorsal does not measurably interact with Cactus,
its cytoplasmic localization in the presence of wild-type
Dorsal is probably due to the formation of wild-type
Dorsal–S234P-Dorsal heterodimers that can interact with
Cactus. This interaction can be explained in two ways.
Either S234P–wild-type Dorsal heterodimers bind Cactus
exclusively via the wild-type Dorsal subunit, or the
S234P-Dorsal subunit can recover some Cactus binding
through its interaction with wild-type Dorsal. This mutant
situation exposes what may be a general mechanism of
Rel–IκB interaction. Different IκB proteins show varying
binding specificity to various Rel family members and
may be retained in the cytoplasm through an IκB interac-
tion that occurs primarily, or exclusively, through one of
the two Rel subunits [12].
In agreement with the observation that Dorsal may form a
dimer in the cytoplasm, we find that the ∆NLS-Dorsal
protein can antagonize the activity of wild-type Dorsal in
the presence of wild-type ventral signaling. One copy of
∆NLS-dorsal substantially reduces embryonic hatch rates
in the presence of two endogenous wild-type copies of
dorsal, and eliminates hatching when there is only one
wild-type dorsal copy. This effect could be caused in two
ways: ∆NLS-Dorsal could inhibit the nuclear import of
wild-type Dorsal when the heterodimers form; or ∆NLS-
Dorsal–wild-type-Dorsal heterodimers could have defec-
tive transcriptional function. As ∆NLS-Dorsal causes clear
defects in nuclear localization and yet retains at least
partial transcriptional function, we favor the first interpre-
tation. These results suggest that both partners of a Dorsal
dimer require an intact NLS for proper import, and that
Dorsal translocates to the nucleus as a dimer.
Ser234 in Dorsal corresponds to Ser203 in the Rel protein
p65 and to Ala260 in p50. In the IκB–p65–p50 complex,
Ala260 of p50 is in direct contact with the fifth ankyrin
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repeat of p65 and is adjacent to a number of residues that
contact ankyrin repeat 6. In p65, the domain around
residue 203 is not in direct contact with IκB [13,14].
Depending on how the Dorsal homodimer interacts with
Cactus, the Ser234Pro mutation either affects a residue
that directly mediates the interaction between the two pro-
teins or results in a general structural change of the protein.
Despite the observation that S234P-Dorsal has lost some of
its transcriptional function, its nuclear import is apparently
normal and remains signal-dependent, suggesting that the
integrity of the protein is not strongly affected.
The prevailing model of the control of Rel protein nuclear
import postulates that upon signal-dependent phosphory-
lation, ubiquitination, and degradation of the IκB protein,
Rel proteins are ‘free’ to be imported into the nucleus. In
previous work, we found that Dorsal is phosphorylated in
a signal-dependent manner while in the cytoplasm, and
that this phosphorylation is essential for high levels of
nuclear import [8]. The results presented here further
support the conclusion that the ventral signal directly
targets Dorsal and regulates its nuclear import. A mutant
‘free’ Dorsal that cannot interact with Cactus is targeted
to the nucleus at high levels only in the presence of the
ventral signal, whereas in the absence of the signal it is
targeted to the nucleus at low levels characteristic of
lateral regions.
All that is known so far leads to a two-level model for the
regulating Dorsal nuclear import (see Supplementary
material). Without the ventral signal, a Dorsal–Cactus
complex consisting of a Dorsal homodimer and a single
Cactus molecule is sequestered in the cytoplasm. This
trimeric complex can form even if only one of the two
Dorsal subunits can interact with Cactus, as suggested by
the fact that wild-type Dorsal can maintain S234P-Dorsal
in the cytoplasm in the absence of signaling. All levels of
Dorsal nuclear import normally require the signal-depen-
dent phosphorylation and degradation of Cactus. Once
freed from Cactus, Dorsal nuclear import can attain
lateral levels. This low level of Dorsal nuclear import is
observed in double-mutant backgrounds that disrupt sig-
naling as well as Cactus activity [4]. This import is
dependent on signal-independent phosphorylation of
Dorsal, however [8].
Level-2 Dorsal nuclear import corresponds to the high
level normally observed in ventral and ventrolateral nuclei
and is dependent on the ventral signal, which controls
Dorsal phosphorylation. This phosphorylation occurs in
the cytoplasm, as it is present on the ∆NLS-Dorsal
mutant; and it occurs while bound to Cactus [8]. The
strong structural and functional conservation between the
Rel pathways in Drosophila and vertebrates suggests that
the mechanisms controlling nuclear import of Dorsal will
apply to the regulation of other members of the Rel family.
Supplementary material
Supplementary material including a diagram of the model presented
here and additional methodological details is available at http://current-
biology.com/supmat/supmatin.htm.
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